More than one hundred hereditary neurological diseases of mice are now on record (Gruneberg, 1952 (Gruneberg, , 1956 Sidman, Green, and Appel, 1965) . For many of these conditions only clinical descriptions and genetic data are available and few pathological investigations have been made. This paper describes the clinical and pathological studies of an hereditary disease in mice in which the primary abnormality appears to be located in the perikaryon of motor neurones. The disease arose as the result of a spontaneous mutation in the C57 BL/Fa strain of mice at the Institute of Animal Genetics, Edinburgh. The mutant, which was named 'wobbler' (Falconer, 1956 ) is transmitted by an autosomal recessive gene wr (see Appendix) . The clinical and pathological characteristics of this mutant were briefly described in a preliminary communication (Duchen, Falconer, and Strich, 1966) .
THE CLINICAL SYNDROME These observations are based on a study of more than 50 affected animals aged from 19 days to more than one year. Mice which are heterozygous for the gene wr are clinically normal, but about 25% of their offspring may be expected to be homozygous 'wobblers' (wr/wr). The homozygous mice show no clinical abnormality during the first three weeks after birth, but by the fourth week they are smaller than their littermates and always remain so. They have a high-stepping, slightly unsteady gait and a fine tremor of the head. Over the next few weeks there is progressive unsteadiness associated with a wobbling type of gait with the head and front part of the trunk held lower than normally. Weakness of muscles becomes apparent by the fourth or fifth week and is most obvious in the forelimbs, the grip of the forepaws being particularly affected. From the fourth to about the twelfth week there is progressive weakness and wasting especially of the muscles of the head, neck and forelimbs, while the hindlimbs are less affected. The unsteady wobbling gait becomes more obvious and the mouse becomes unable to extend the forepaws at the wrist, so that it ultimately walks on the dorsum of the paws (Fig. 1) . In advanced stages of the disease the mouse has great difficulty in using the forelimbs for climbing (Fig. 2) or walking, and pushes itself along with the hindlimbs which are usually less severely affected. The facial muscles are atrophied, giving the snout a pointed appearance and the ears tend to lie back. As in other neurological diseases in mice, the hindlimbs become flexed and adducted instead of extended when the animal is lifted by the tail.
The course of the disease varies somewhat in different mice. Usually after a period of rapid deterioration up to the third or fourth month of age, the progress of the disease seems to slow down and it may even become 'burnt out'. Some affected mice have lived for more than a year in spite of muscle weakness and wasting. In other cases the disease causes more extensive and severe muscle weakness and is fatal by the third or fourth month. There is no clinical evidence of any abnormality in any of the sensory systems. It has proved impossible to breed from affected males or females.
MATERIAL AND METHODS
Histological studies were made of 40 clinically affected mice ranging in age from 5 weeks to 13 months. Unaffected littermates, some of which may have been heterozygous for the gene wr, and normal mice of other strains were used as controls. In order to determine whether there were histological changes before the onset of clinical abnormalities two entire litters, aged 19 and 22 days respectively, derived from known heterozygous parents, were examined. In each litter one mouse showed histological abnormalities.
The mice were killed with chloroform, the thoracic and abdominal cavities opened and the skin over the skull and i35 (Kluver and Barrera, 1953) to demonstrate myelin; Gallyas's method (1963) No abnormalities were found in the sensory innervation of structures such as skin, mucosae, teeth, or Pacinian corpuscles. Muscle spindles appeared normal and had normal spiral endings in young 'wobblers'. In old animals some muscle spindles were atrophied and had thickened capsules, but only in regions where denervation atrophy of extrafusal fibres was very severe. The innervation of the muscle spindles was not studied in detail.
PRECLINICAL STAGE In the 19-and 22-day-old mice many abnormal nerve cells were found in the brainstem, in the ventral magnocellular reticular nucleus (Fig. 3) , and in the motor nuclei of cranial nerves V and VII. A few abnormal cells were found in the red FIG. 3. Swollen and vacuolatec magnocellular reticular nucleus old mouse killed before the onso violet, x 250.) nucleus, substantia nigra, anterior and posterior colliculi, and in the deep cerebellar nuclei. No abnormalities were seen in the cerebral cortex. In the spinal cord many abnormal cells were present in the ventral horns of the cervical region, but fewer in thoracic and lumbar levels.
In paraffin sections of skeletal muscle a few fibres with centrally placed nuclei were seen but no atrophied fibres were present. In the frozen silverimpregnated sections of the limb muscles, however, abnormalities were present in the nerve fibres. Fragmented axons were seen in some intramuscular nerve trunks and some motor fibres ended in bizarre club-shaped swellings instead of the fine terminal arborization normally seen. Many preterminal axons showed fine sprouting and innervated more than one muscle fibre.
YOUNG 'WOBBLER' MICE In these mice clinical abnormalities were clearly present. Nerve cells in various stages of degeneration were present in the brain-stem and spinal cord. They appeared to be more numerous in the ventral horn of cervical spinal cord than in brain-stem or thoracic and lumbar cord, though cell counts were not done. Silver impregna- An hereditary motor neurone disease with progressive denervation of muscle in the mouse tion of frozen sections of limb muscles now showed marked collateral sprouting ofaxons and many of the fine nerve fibres were beaded. The preterminal axons innervated several muscle fibres and some nerve endings were small and unbranched. The nerve sprouting occurred mainly from the myelinated part of the axon and not from the terminal arborization. Abnormalities in skeletal muscle fibres were now readily seen. Sarcolemmal nuclei were enlarged with prominent nucleoli and many muscle fibres contained centrally placed nuclei (Fig. 6) . Atrophied muscle fibres were first seen in 6-7-week-old mice that is, two weeks after the onset of clinical weakness -and were situated at the periphery of the muscle bundles. Later there was atrophy of groups of muscle fibres (Fig. 7) . These denervation changes were found in muscles of the head, neck, shoulder girdle, and forelimb more than in the hindlimb. of the neck and shoulder region were severely affected, while the forelimbs showed more severe atrophy proximally than distally. Trunk muscles and diaphragm were relatively spared and hindlimb muscles were less involved than those of the forelimb. In the hindlimb, proximal muscles were more atrophied than distal ones, and in some animals the only muscles below the knee to show denervation atrophy were the gastrocnemii.
DISCUSSION
The abnormalities which have been observed in the brain-stem and spinal cord of the 'wobbler' mouse indicate that this disease primarily affects motor nerve cells. The first abnormality seen in the motor neurones was swelling of the cell body and disappearance of Nissl substance. Later the cytoplasm became vacuolated. Andrews and Maxwell (1967) have studied the ventral horn cells of the 'wobbler' mouse with the electron microscope and observed that the perikaryon was filled with many small vesicles in some cells, while in other nerve cells the vesicles were large and almost replaced the cell. These abnormalities can be correlated well with the light microscopic changes described in the nerve cells in the present paper. The pathological findings suggest a primary degeneration of the nerve cell body and are not like the changes in the perikaryon secondary to axonal degeneration. It has been shown (Torvik and Heding, 1967) that the reaction to axonal injury in motor nerve cells of the nucleus of the facial nerve in the mouse is characterized by increased basophilia of the perikaryon and reduction in size of Nissl granules.
In the skeletal muscles the atrophy of muscle fibres occurred in groups and fascicles, a pattern characteristic of motor denervation. Sprouting and branching of preterminal motor nerve fibres, of the pattern seen in the skeletal muscles of these mice, are like those described as a response to partial motor denervation (Tello, 1907; Edds, 1950; Wohlfart and Hoffman, 1956) . No necrosis of muscle fibres was seen at any stage of the disease and there was no evidence to suggest that this disease process primarily affects muscle fibres. The rapid accumulation of fat in the atrophied muscles of the 'wobbler' mouse is also seen in other forms of motor denervation in the mouse (atrophy after local injection of botulinum toxin: Duchen and Strich, 1968 ; atrophy after nerve section: authors' unpublished observations).
Nerve cell degeneration was seen in 3-week-old mice killed before the onset of detectable muscle weakness. In these animals there was already abundant sprouting from intramuscular axons. Clinical muscle weakness was detectable at about 4 weeks of age and atrophy of muscle fibres was first seen at 6 weeks. It seems likely, therefore, that re-innervation by collateral sprouting of intramuscular nerve fibres was able to compensate for the loss of motor neurones for some weeks.
In all the mice studied histologically the distribution of atrophied skeletal muscles was very similar. Some muscles were always relatively spared. The manner in which an hereditary defect can affect some nerve cells but spare others of the same system is not clear. A relatively constant distribution of muscle weakness is also found in some hereditary neuromuscular diseases in man, such as peroneal muscular atrophy, the juvenile form of muscular atrophy (Kugelberg and Welander, 1956 ) and in muscular dystrophies. In the infantile form of motor neurone disease (Werdnig-Hoffmann disease) weakness is first seen in the trunk muscles, but in the fully developed disease abnormal motor nerve cells are seen throughout brain-stem and spinal cord (Conel, 1938 (Conel, , 1940 .
Sporadic or inherited cases of spinal motor neurone degeneration have occasionally been described in various animals (Innes and Saunders, 1962 Two proved heterozygotes when outcrossed produced a total of 21 female and 14 male offspring, all of which were normal. This proved the gene to be recessive. The segregation from proved heterozygous pairs is given in the Table. On the C57BL background there was a significant deficiency of wr/wr homozygotes, when tested against the expectation of 25 %. The deficiency was greater in females than males, though not significantly so. The non-inbred matings showed a smaller and non-significant deficiency which, in this case, was less in females than in males. The two types of mating are, however, not significantly heterogeneous with respect to the Matings (no.) ratios obtained, even when only the females are compared. Thus, there were undoubtedly fewer than the expected number of classified homozygotes in the C57BL families and possibly also in the noninbred families.
The cause of the deficiency of wr/wr homozygotes was not identified. It seems unlikely to have been due to differential mortality between birth and classification, because the proportion of offspring that diedgiven also in the Table- was not higher where the deficiency was greater. Since classification cannot be made with certainty until a week or more after the mice are weaned at about 3 weeks of age, there was a possibility that some litters might have been prematurely discarded with some individuals erroneously classified as normal. This, however, does not seem to be the explanation because the deficiency was equally evident in litters that had been classified at two months or more. In the absence of identified postnatal causes, the deficiency must presumably be 
